red blood cell (RBC) transfusion. 8, [12] [13] [14] A survey of transfusion practices in patients with HIV infection showed that one third of responding centers used leukocyte-reduced (hereafter called leukoreduced) blood products routinely and nearly 30% used irradiated blood. 14 Leukoreduced blood products are made by passing the blood component (eg, RBCs, platelets) through a filter that traps leukocytes. Retrospective studies have suggested that RBC transfusion has an adverse effect on the course of HIV infection, may be associated with cytomegalovirus (CMV) disease, and may shorten survival. 15, 16 Immunomodulatory effects have been associated with transfusion of allogeneic RBCs. Allogeneic RBC transfusion may result in alloimmunization and more frequent tumor recurrences. [17] [18] [19] [20] [21] However, transfusion also may increase transplant survival, suppress inflammatory disease, and prevent recurrent abortion. [22] [23] [24] [25] [26] [27] Data are conflicting about the impact of transfusion on postoperative infections. [28] [29] [30] [31] Removing leukocytes from RBC units may lessen these effects, suggesting they are mediated by antigenic stimulation from leukocytes contained in RBC units. [32] [33] [34] [35] [36] [37] [38] For selected patients, use of leukoreduced blood components has been shown in controlled studies to decrease certain complications of transfusion, including febrile transfusion reactions and human leukocyte antigen alloimmunization. 39 There are conflicting data about its potential benefits in other patient populations, and no prospective data on HIV-infected patients. Currently in the United States, discussion is ongoing about adopting a policy of universal leukoreduction. [39] [40] [41] Allogeneic leukocytes, but not erythrocytes or platelets, have been shown to reactivate HIV in vitro. 42 In addition, allogeneic leukocytes may activate latent viruses, including CMV in vitro, as do transfusions in animal models. [43] [44] [45] Data about this topic were recently reviewed. 46 Pilot studies in HIV-infected persons showed modest increases in HIV p24 antigen and HIV RNA levels after RBC transfusion. 47, 48 We hypothesized that RBC transfusions containing leukocytes would result in immune and viral activation, and adversely affect the course of HIV disease. The data from this study are unique since this is one of the largest randomized studies of leukoreduction, and the only large-scale prospective study of blood transfusions in HIV-infected persons.
METHODS

Study Design and Treatment
The study was a randomized, doubleblind, comparative study of leukoreduced vs unmodified RBCs. 46 The participants, investigators, study coordinators, and persons having any contact with the patients were blinded to study treatment assignments. Blood bank technical staff who prepared the blood products were aware of the treatment assignments. All required procedures of the Food and Drug Administration and American Association of Blood Banks were followed during collection, testing, administration of blood components to the study enrollees, and leukoreduction (ie, no more than 5×10 6 /µL of leukocytes per unit of blood). 39 Leukoreduction involves the use of a sterile, single-use filter that is inserted in the tubing between the RBCs and a secondary collection bag. The blood is filtered using gravity, and the filter removes leukocytes by mechanical trapping and absorption. The RBC leukoreduction occurred prior to storage and within 72 hours of blood collection. At time of transfusion, RBC units were to be no more than 14 storage-days old. If enrollees required platelet transfusion, they received leukoreduced platelets. No screening of blood products for CMV antibodies was performed prior to transfusion. If enrollees developed a new medical condition that required irradiated blood products, they continued to receive their blinded, assigned blood components, and irradiation was allowed. Gamma irradiation performed under controlled procedures using regulated blood bank instruments results in damage to nucleic acids that precludes leukocytes, particularly lymphocytes, from proliferating and causing graft-vshost disease. It has no significant effect on the integrity of other blood elements, including RBCs, platelets, and plasma proteins, nor does it have an impact on the infectivity of viruses or other pathogens.
Patients
Patients had confirmed HIV infection, symptomatic anemia requiring RBC transfusion as defined by their physician, and were to receive nonemergent RBC transfusions within 72 hours of enrollment. Enrollees were 14 years or older, had documented CMV infection (by chart review or antibody testing), a Karnofsky performance score of 40 or higher, 49 and expected survival of more than 1 month. Patients were ineligible if they had a surgical reason for transfusion, a prior history of transfusion, renal failure requiring dialysis, thrombocytopenic purpura, used intravenous immunoglobulin within 6 weeks of entry, or had started new antiretroviral drugs or systemic immunomodulators (eg, interleukin [IL]-2, interferons, granulocyte colony-stimulating factor) within 2 weeks of entry.
Study Procedures
The study was approved by the institutional review boards at the 11 participating institutions. Patients gave written informed consent. Treatment allocation was made centrally by the study coordinating center, using stratified permuted blocks with dynamic balancing within each center. 50 Patients were stratified by (1) CD4 cell count of less than 50/µL at any time in the past or 50/µL or greater, or if this information was unavailable, total lymphocyte count of less than 1000/µL or 1000/µL or greater, 51 and (2) was classified as (1) potent (Ն3 antiretroviral drugs with at least 1 protease inhibitor or 1 nonnucleoside reverse transcriptase inhibitor), (2) other antiretroviral drugs, and (3) no antiretroviral drugs. Patients had dilated eye examinations by an ophthalmologist every 6 months. At entry and every 3 months, patients had complete RBC and CD4 cell counts and plasma HIV RNA and CMV DNA assays were performed.
Since it was hypothesized that immune or viral activation might differ between first and later transfusions, we defined 2 transfusion series for the purpose of assessing possible short-term changes in laboratory end points. The first series started at the patient's first transfusion and included all subsequent RBC units transfused less than 7 days after a prior unit. The second was defined only for patients who had 1 or more transfusions starting at least 7 days after the end of the first series, and again included all subsequent RBC units transfused less than 7 days after a prior unit. The HIV RNA and CMV DNA levels were measured pretransfusion and at weeks 1, 2, 3, and 4 after the start of each transfusion series. Lymphocyte activation markers were measured pretransfusion and at weeks 1 and 4; cytokine levels were measured pretransfusion and at week 1. Patients were evaluable for a transfusion series if they had a pretransfusion and at least 1 posttransfusion sample available.
Laboratory testing was done centrally on batched specimens that were separated within 4 hours of collection and stored at −70°C. The CMV antibodies were assayed by enzyme immunoassay. After enrollment, blood from the baseline blood draw was tested for CMV antibodies at the Viral Activation Transfusion Study (VATS) central laboratory. Each unit of donor blood was also tested retrospectively for CMV antibodies. Lymphocyte subsets (CD3/CD4, CD3/CD8, and the proportion of CD8 cells expressing activation markers CD38% and human leukocyte antigen-DR) were measured by flow cytometry (FACScan, Becton Dickenson, San Jose, Calif). 52, 53 CD3/ CD4 lymphocytes, often called CD4 T cells, are a major target of HIV, and their depletion is used to measure progression of HIV disease. 54 The HIV RNA level was measured using a reverse transcriptase polymerase chain reaction assay with a lower limit of quantification of 200 copies/mL (Amplicor Monitor assay, Roche Molecular Systems, Branchburg, NJ). 55 The CMV DNA was initially assayed using a qualitative polymerase chain reaction assay, and if positive, a quantitative polymerase chain reaction assay was subsequently applied (Roche Molecular Systems). 56, 57 The lower limit of the quantitative assay was 400 copies/mL. Tumor necrosis factor, tumor necrosis factor receptor, IL-6, and ␤ 2 -microglobulin plasma levels were assayed by enzyme immunoassays as detailed elsewhere. 58 Quality control of residual leukocyte content of leukoreduced RBCs and platelets was previously described. 53, 59 End Points and Statistical Methods Primary end points were originally time to death or first serious HIV-related complication and change in plasma HIV RNA level from baseline to week 1 after first transfusion series. Planned accrual was 430, but 3 months into the study, additional resources were obtained to increase accrual to 640 and change the primary clinical end point to survival. The final design assumed 427 deaths, and had 85% power for detecting a relative hazard (RH) of 1.33 for the survival comparison, using a 2-sided test (␣ = .05). With improvement in the course of HIV, there were 289 deaths, resulting in 85% power to detect an RH of 1.42 for survival. 60 All diagnoses were definitive except for toxoplasmosis (see § footnote below).
Box. List of Predefined VATS Serious Clinical Event Outcomes Related to HIV Infection
†To be classified as a bacteremia, patients had to have systemic or focal symptoms or have 2 or more cultures positive for the same organism. To be classified as a catheter-related bacteremia, patients had no source of infection other than a catheter, and if they only had 1 positive blood culture, they had to be treated with antimicrobial therapy and have had a favorable clinical response. ‡Required positive polymerase chain reaction for JC virus and compatible clinical syndrome or diagnostic brain biopsy.
§Presumptive diagnosis was allowed if patients had compatible clinical findings, mass lesions on brain imaging, and were toxoplasma antibody-positive or had a successful response to therapy for toxoplasmosis.
VIRAL ACTIVATION TRANSFUSION STUDY
Secondary objectives included time to death or first serious HIV-related complication, time to new or progressive CMV end organ disease, plasma HIV RNA and CMV DNA levels, lymphocyte subset markers, and change in cytokine and lymphocyte activation markers. The HIV-related complications were predefined and included specific AIDSdefining conditions and serious bacterial infections associated with median survival times of less than 1 year or an acute mortality of more than 5% (BOX).
60
Definitive diagnoses were required, except for toxoplasmosis, in which patients were required to meet a standardized case definition. 60 Progressive CMV retinitis required an ophthalmologist's diagnosis, as well as a change in therapy. Each clinical end point was confirmed to meet the study criteria.
Survival and other time-to-failure probabilities were estimated by the Kaplan-Meier method. Log-rank tests and proportional hazards models (with time-varying covariates for factors determined after randomization) were used to compare failure-time curves. The HIV RNA and CMV DNA levels and CD4 cell counts were log transformed before analyses. Changes in laboratory parameters were calculated by comparison with pretransfusion values. Treatments were compared at selected time points using Wilcoxon rank-sum tests, and more globally using repeated measures models adjusted for baseline value. Long-term trends in HIV RNA level and CD4 cell count were assessed with linear random effects models. Discrete outcomes were analyzed with the Fisher exact test. All P values are 2-sided.
RESULTS
Patients and Follow-up
A total of 531 patients were enrolled from July 1995 through July 1998 (FIGURE 1). Treatment groups were well balanced (TABLE 1). All patients had advanced HIV infection and 78% had had an AIDS-defining illness. Median CD4 cell count was 15/µL. Median plasma HIV RNA level was 4.8 log 10 copies/mL (mean, 4.5 log 10 copies/mL). Median and mean entry hemoglobin were 7.3 g/dL. More than 85% of patients had taken antiretroviral drugs, 69% had taken them within 30 days of entry. Five percent used erythropoietin within 30 days prior to entry. Forty-three patients were found to be ineligible after enrollment (21 leukoreduced, 22 unmodified); 29 had added antiretroviral or immunomodulator drugs within the excluded 2-week time frame, 7 were not confirmed to be CMV-seropositive by the central laboratory, and 7 had a prior blood transfusion. Reasons for ineligibility were similar between groups. All patients are retained in the analyses (analyses were done by intention-to-treat, so no patients found to be ineligible retrospectively were dropped from the analyses). Of the 531 patients enrolled, 10 (6 leukoreduced, 4 unmodified) did not receive the planned transfusion.
Follow-up ended June 30, 1999. Median follow-up was 12 months (24 months among patients who survived). Seven (1%) patients withdrew from study components (5 continued followup) and 61 (11%) terminated participation early (Figure 1 ). Reasons for early termination were similar. Thirtyfive patients (19 leukoreduced, 16 unmodified) had no follow-up for HIVrelated complications and were excluded from analyses of associated outcomes. The mean (SD) number of follow-up quarterly visits was 3.7 (4.1) and 4.3 (4.4) for the leukoreduced and unmodified groups, respectively; the median numbers were 2 and 3.
Blood Components
A total of 3864 RBC units were transfused; 79 (2%) units for 25 (5%) patients were not prepared per randomized assignment (TABLE 2). Median age of RBC units was 9 days. Eighty-five percent of patients received at least 1 CMVseropositive unit, as anticipated with CMV-seroprevalence among blood donors of approximately 50% and with most patients receiving multiple RBC units. Residual leukocyte counts for leukoreduced RBC units were greater than 5ϫ10 6 /µL for 15 (Ͻ1%) of 1869 units tested. Four percent of platelet units had greater than 5ϫ10 6 /µL residual leukocyte counts. The groups were similar for all parameters related to blood components except for weight of RBC units, which was less in the leukoreduced arm (PϽ.001). One patient in the unmodified arm received irradiated RBCs and 1 patient in each arm received irradiated platelets. 28; FIGURE 3) . The RH for first clinical event (leukoreduced vs unmodified group) was 1.13 (95% CI, 0.91-1.40). Similar results were seen using Cox proportional hazards models that adjusted for baseline CD4 cell count and plasma HIV RNA level (hazard ratio, 1.17; 95% CI, 0.94-1.47), and additionally for use of potent antiretroviral therapy as a timedependent covariate (hazard ratio, 1.19; 95% CI, 0.94-1.50).
Types of first clinical events and of all new clinical events are shown in TABLE 3. Similar events occurred in both groups and were typical of advanced HIV. New or progressive CMV disease occurred in a total of 33/246 (13%) leukoreduced and 30/250 (12%) unmodified patients. The groups were similar in time to first occurrence of the more common events: CMV retinitis (P=.64); catheter-related (PϾ.99) and noncatheter-related bacteremia (P=.26), nontuberculous mycobacterial infections (P=.07); and CMV end organ disease of any type (P=.47).
Transfusion Reactions
Signs and symptoms related to transfusion did not differ significantly between groups. No life-threatening transfusion reactions occurred. A temperature increase of 1°C or higher occurred with 16% of leukoreduced and 18% of unmodified transfusions; a drop in systolic blood pressure (Ն30% or to Ͻ90 VIRAL ACTIVATION TRANSFUSION STUDY mm Hg) occurred in 5% of leukoreduced and 6% of unmodified transfusions. Two patients were removed from study components because of transfusion reactions, but neither had their assignment unblinded.
Laboratory End Points
Change in Plasma HIV RNA Level. Plasma HIV RNA levels were stable in both groups; no differences were seen between groups in the primary laboratory end point of change in HIV RNA levels at 1 week (P=.97; FIGURE 4A) or during the first 4 weeks (P=.65; Figure 4A ) after initial transfusion. A pretransfusion and at least 1 posttransfusion specimen were available for 90% of patients in the first transfusion series. Results were similar in patients categorized by antiretroviral therapy type, including patients not taking antiretroviral drugs (P=.69 for treatment comparison at 1 week, Figure 4B) . A pretransfusion and at least 1 posttransfusion specimen were available for 89% of the 239 patients who received a second transfusion series. Plasma HIV RNA levels also remained stable in both treatment groups following the second transfusion series (L.A.K. and S.F.A., unpublished data from the VATS Group, 2000). There were 520 patients in the first transfusion series and both groups received a median of 2 units-258 patients in the leukoreduced group ( 
68).
Longer-term trends in plasma HIV RNA levels, assessed up to the end of the 46 months of the trial for those surviving, were also investigated. Both groups had decreases in mean plasma HIV RNA levels over time, presumably as a result of increasing use of potent antiretroviral drugs (−0.04 log 10 copies/mL per year in leukoreduced and −0.16 log 10 copies/mL per year in the unmodified arms; P=.12). CMV Viremia. Of 520 patients tested, 99% were confirmed to be CMVseropositive on retest by the central laboratory. At baseline, 21% were positive for plasma CMV DNA, with similar frequencies in both groups. Among patients with positive baseline qualitative CMV DNA, there was no evidence of CMV activation in either group, and no difference in CMV DNA quantitation between groups (P = .88 at day 7; FIGURE 5). Among patients with negative baseline CMV DNA, similar proportions in each treatment group became DNA-positive 1 to 4 weeks after transfusion; for example, at day 7, 10 (6%) of 169 leukoreduced vs 18 (10%) of 173 of unmodified group patients developed detectable CMV DNA (P=.17).
Lymphocyte Subsets and Cytokines
The CD4 cell counts remained stable following the first and second transfusion series in both groups (P=.28 for test of treatment differences and for first transfusion; FIGURE 6). However, long-term trends in CD4 cell counts showed increases in both groups (35/µL per year in leukoreduced and 36/µL per year in the unmodified arms, P=.84). The number of CD8 cells increased following transfusion in both groups with median increases of 11/µL and 34/µL on days 7 and 28 and of 25/µL 3 months after the first transfusion series (PϽ.008 for each). However, there was no difference between groups. Activation markers on CD8 cells suggested modest, transient activation following the first transfusion series as measured by CD38% and human leukocyte antigen-DR, but were not different between groups (L.A.K. and S.F.A., unpublished data from the VATS Group, 2000). Plasma levels of IL-6, tumor necrosis factor, tumor necrosis factor receptor, and ␤ 2 -microglobulin were generally stable after the first and second transfusion series in both groups, with no differences between groups.
COMMENT
This large, double-blind, randomized study failed to confirm the hypotheses that leukoreduction improves survival and clinical outcome in HIV-infected patients requiring blood transfusion and that viral activation of HIV occurs following allogeneic RBC transfusion. In contrast, trends in survival favored patients assigned to the unmodified arm in unadjusted analyses, and more so in analyses adjusted for relevant confounders, such as plasma HIV RNA level and CD4 cell counts. However, we must interpret these adjusted analyses with caution since they were not the a priori primary end point. Moreover, there was no significant increase in differences between the groups with increased exposure to RBC units. It is possible that the groups differed in risk of HIV disease progression, although they were similar in commonly used predictors of clinical outcome for HIV infection. Alternatively, outcomes may actually be better in anemic HIV-infected patients who receive unmodified RBCs. In that regard, recent studies have suggested that immunization with allogeneic leukocytes increases expression of ␤ chemokines and other soluble factors that may limit HIV replication. 61 Additionally, we observed no evidence of differences in occurrence of transfusion reactions, serious HIVrelated diseases, new CMV disease, or CMV reactivation between patients receiving leukoreduced and unmodified RBCs. Increases in CD8 cell counts were seen in both groups following transfusion, but no cytokine activation was seen. Leukoreduced RBC units had a lower mass, but this did not appear to have detectable clinical consequences or result in increased transfusion requirements. Clinical and laboratory outcomes in this study are internally consistent, and contrast with results from retrospective studies that suggested accelerated HIV disease and smaller prospective studies that showed increases in quantitative measures of HIV after RBC transfusion. [46] [47] [48] The lack of favorable laboratory or clinical effects of leukoreduction in this study is especially important in light of data in other patient populations that have led to universal leukoreduction of all allogeneic blood transfusions (including those in persons with HIV infection) in many European countries and Canada, and recommendations for institution of similar policies in the United States. 40, 62, 63 We cannot identify alternative explanations for the failure of leukoreduction to improve clinical outcome in this The boxes represent the median and 25th and 75th percentiles. The vertical lines connected to the boxes extend to the 10th and 90th percentiles. Outlying values are depicted as individual dots. Change is measured from pretransfusion baseline to weekly time points during the next 4 weeks. For A, 5 observations with changes for ±3 log 10 copies/mL or more are not shown but were included in the analyses. (5) 17 (7) 26 (11) 25 (10) Bacteremia Noncatheter-related 13 (5) 11 (4) 20 (8) 15 (6) Catheter-related 8 (3) 11 (4) 12 (5) 13 (5) Mycobacterial infection ‡ 14 (6) 5 (2) 17 (7) 8 (3) Pneumocystis carinii pneumonia 6 (2) 5 (2) 9 (4) 6 (2) Other cytomegalovirus disease 6 (2) 4 (2) 11 (4) 7 (3) Non-Hodgkin lymphoma 4 (2) 6 (2) 5 (2) study. The groups were well matched with respect to clinical and laboratory factors recognized to affect HIV disease progression. Overall, there was good adherence to the protocol; 98% of RBC units were prepared per study randomization. Although accrual was slower and clinical event rates lower than originally anticipated, the study still had adequate power to detect a clinically meaningful difference between groups. Possible explanations for lack of benefit seen in the leukoreduced arm include storage age of the blood, efficacy of filtration, advanced stage of HIVinduced immunosuppression, and effects of potent antiretroviral therapy. As the median age of RBC units in this study was 9 days, it is possible that greater immunologic effects would have been seen with younger or older blood since functional properties of leukocytes decline, and levels of cell-free cytokines and other inflammatory mediators increase during RBC storage. 33, [64] [65] [66] [67] [68] [69] [70] We sought to use relatively fresh RBC units to maximize the probability of observing an effect on the parameters we studied, and we made major efforts to ensure comparability of the age of the units in the 2 arms of the study. The mechanisms and threshold number of viable leukocytes needed to cause immunological consequences after transfusion are unknown. 22, [32] [33] [34] [35] [36] 71 If the number of viable leukocytes necessary to cause adverse effects was lower than achieved by our filtration methods, more effective filters could have resulted in a different outcome (differences between groups may have been more apparent). We feel this is not likely since previous studies have shown that immunomodulatory effects, such as alloimmunization, are decreased with the degree of leukoreduction achieved in this study. [72] [73] Our study is representative of contemporary transfusion practice in the United States with respect to efficacy of leukoreduction.
Preliminary studies that suggested HIV activation occurs after allogeneic transfusion were done in less immunosuppressed patients and prior to the era of potent antiretroviral therapy. Median CD4 cell count at baseline in our enrollees was 15/µL. The capacity of these patients to mount an immune response to allogeneic leukocytes may have been compromised. 42 This was evidenced by lack of induction of activation markers typically seen in nonimmunosuppressed patients following transfusions. 22, 32, 74 Since combination antiretroviral therapy can suppress HIV RNA level increases associated with administration of immunomodulators, such as IL-2, 75 it is also possible that the stimulatory effects of leukocytes on HIVinfected cells are counterbalanced by the suppressive effects of potent antiretroviral therapy on HIV replication. Our data do not support this theory, however, since viral activation was also not seen in patients not taking antiretroviral drugs.
During planning for this study, there was substantial discussion about use of CMV-seropositive vs CMV-seronegative blood products. Leukodepletion decreases but does not eliminate risk of exposure to CMV in seropositive blood.
76-80 Acquisition of multiple strains of CMV has been demonstrated in immunocompromised hosts.
81-83 Since we did not include a group who received CMVseronegative blood, we cannot assess whether the results would have been different. However, the groups were balanced with respect to the CMV serostatus of transfused units. Lack of difference in outcomes between groups demonstrates that leukoreduction did not result in improved CMV outcomes in this study.
Clinical events in this study were typical for advanced HIV infection. The study was designed to include only events associated with poor outcomes and high mortality as end points. This may underestimate total morbidity, but results are likely to be clinically relevant.
From a pragmatic standpoint, these data suggest there is no need to offer leukoreduced blood transfusions to persons infected with HIV and CMV in an attempt to prolong survival, decrease serious HIV-related complications, or reduce transfusion reactions. In an era of high-level scrutiny of blood safety issues and cost-consciousness, 41 failure to demonstrate an advantage for a procedure with potential adverse effects and additional financial cost (estimated at $25-$35 per unit) is a useful, if unexpected, outcome. These data emphasize the importance of conducting rigorously controlled studies of effects of leukoreduction in different patient populations before adoption of a universal leukoreduction policy. 
